olfactory receptor (rI7) replaces the coding region of the a precise link between the two halves of the bulb (Belluscio et al., 2002). mouse M71 receptor, and the receptor is coexpressed with GFP (rI7→M71 swap mice) (Bozza et al., 2002) . In these mice, the labeled OSNs generally form one or two Reciprocal Projections between Isofunctional Odor Columns ectopic glomeruli on the medial and the lateral hemisphere of the olfactory bulb. Guided by the fluorescent Having established the precision of the connection from lateral to medial odor columns (Figures 2A-2C) , we next label, we targeted focal injections of an anterograde tracer (tetramethylrhodamine dextran) that were largely sought to determine whether the reciprocal projectionfrom the medial to the lateral odor column-followed restricted to a single glomerulus. We previously found that such injections in the lateral glomerulus produced the same rule. Since the medial GFP-labeled glomerulus is buried deep along the medial bank of the olfactory a focal disk of anterograde label, approximately 130 m in diameter, terminating in the inner plexiform layer bulb, the approach we used to inject the lateral glomerulus-directly visualizing it on the dorsal surface of the immediately beneath the homologous GFP-labeled glomerulus on the medial surface. This finding suggested bulb-was impossible. To overcome this, we developed a hemi-head explant preparation in which the medial endogenous mouse I7 receptor, nor the location of the endogenous M71 receptor (Bozza et al., 2002) . The exsurface of the bulb was exposed, while retaining the connections from the olfactory epithelium to the bulb. quisitely specific interconnection we observed between homologous columns could reflect the unusual nature The GFP-labeled glomeruli were readily apparent under a fluorescence dissecting microscope, making it possiof the OSNs in these animals, or a peculiar characteristic of glomeruli in zone 1 of the bulb, rather than a general ble to target the desired location (see Experimental Procedures). Focal injections confined to the medial glorule of intrabulbar connectivity. To test whether the observed specificity was also present between odor colmerulus revealed a specific anterograde projection in the dorsal internal plexiform layer directly beneath the umns involving glomeruli situated in their appropriate locations within the bulbar map, and in a different zone, corresponding lateral glomerulus (Figures 2D-2F) . The size and shape of the projection from the medial to we examined a second line of mice, P2-GFP, in which OSNs expressing the P2 olfactory receptor also express lateral odor column (maximum diameter of 111 Ϯ 7.5 m, extending over 1-2 adjacent sections, n ϭ 11) was indis-GFP (Gogos et al., 2000). In these mice, the P2-GFPlabeled glomeruli form in the same location as the entinguishable (t test, p ϭ 0.5) from the size and shape of the lateral to medial projection reported previously dogenous P2 glomeruli. P2 receptors are expressed in a different zone of the epithelium (zone 3), and the corre- (Figure 3 , 127 Ϯ 11 m diameter, extending over 1-2 sections, n ϭ 12) (Belluscio et al., 2002) . From this we sponding glomeruli are likewise located in a completely different region of the bulb (Mombaerts et al., 1996). conclude that the odor columns defined by the homologous rI7→M71 glomeruli are reciprocally and specifically Because the P2-GFP glomeruli are not visible from the dorsal surface, we used the hemi-head explant preparainterconnected.
In the rI7→M71 mice, glomeruli form at a location that tion described above to inject either the lateral or medial P2 glomerulus. is neither the location of the glomeruli representing the As in the rI7→M71 mice, analysis of P2-GFP injections odor columns defined by labeled glomeruli located in the two halves of the bulb. This suggests, but does showed that odor columns defined by P2-GFP glomeruli were specifically and reciprocally connected (Figure 4) . not directly prove, that the two maps are in general connected by orderly connections linking isofunctional Tracer injections centered in the medial glomerulus resulted in an anterograde projection to the internal plexiodor columns. It is also conceivable that the genetic manipulations necessary to create the GFP-labeled form layer directly beneath the lateral glomerulus, and vice versa. The anterograde projection formed a disc OSNs somehow differentially tag the two glomeruli, leading to precise connections between their respective with a maximum diameter of 127 Ϯ 42 m (n ϭ 12, medial glomerulus injected) or 127 Ϯ 21 m (n ϭ 7, columns. However, each of these labeled glomeruli is embedded within a map of some 1000 unlabeled glomerlateral glomerulus injected) and labeling persisted, as in the rI7→M71 mice, for 1-2 adjacent 60-m-thick seculi and their associated odor columns. If the two mirrorimage maps are indeed connected by point-to-point tions.
Interestingly, the extent of the anterograde projection projections, one prediction would be that any displacement of an injection site from a GFP-labeled glomerulus was the same for P2-GFP and rI7→M71, even though the P2-GFP glomeruli were, on average, over twice as should produce a corresponding and predictable shift in the location of the resulting intrabulbar projection. large as the rI7→M71 glomeruli: P2-GFP glomeruli averaged 109 Ϯ 2 m in diameter (n ϭ 22) while rI7→M71
In essence, then, we could use pairs of GFP-labeled glomeruli as fiducial marks to assess the topography of glomeruli averaged 45 Ϯ 2 m (n ϭ 29). Although we have not measured it directly, it is likely that the larger the endogenous maps. To ascertain that the topographic organization of this glomeruli are innervated by greater numbers of mitral and tufted cells. This in turn suggests that the spatial intrabulbar connection generalized to other, unlabeled odor columns, we made minute tracer injections at inextent of axon terminals of the external tufted cells involved in the anterograde projection is relatively concreasing distances from the lateral rI7→M71 glomerulus. Invariably, the corresponding anterograde projection, stant and independent of the size of the corresponding glomeruli.
although still confined to a very small region of the IPL, was no longer underneath the medial rI7→M71 glomerulus. Instead, the projection was shifted a distance that Topographic Relationships between MirrorImage Maps of Odorant Columns precisely matched the distance between the lateral glomerulus and the injection site ( Figure 5 ). To quantify this The results obtained from P2-GFP and rI7→M71 mice revealed a precise connection between homologous relationship, we measured the distance between the (Fig-540 m, n ϭ 19) . Nevertheless, homologous P2-GFP glomeruli were also always precisely connected. This ures 6C and 6D). We then used confocal microscopy of serial horizontal sections to examine the resulting suggests that the same patterning forces that give rise to variation in targeting of OSN axons produce concomianterograde projections on the opposite side of the bulb ( Figure 6E ). tant variability in this local circuit. In the face of such variation in the position of glomeruli, the strict covariaConsistent with our findings using GFP-labeled glo- meruli as fiducial marks (see above), tracer injections more dorsal of the two. Label was never present underneath the ventral glomerulus ( Figure 7B ). To examine into two functionally identified lateral glomeruli, spaced several hundred microns apart, produced two distinct whether the two medial glomeruli had different anterograde projections to the lateral map, we attempted to patches of anterograde label in the IPL on the medial surface ( Figure 6 ). These injections were somewhat inject both medial glomeruli. For a variety of technical reasons, this proved to be extremely challenging and larger than those targeted to GFP glomeruli. Each patch of anterograde projection spanned several hundred migenerally unsuccessful. In the few cases in which we were able to inject both, we found that the ventral glocrons, with a clear peak density near the center. When we measured the distance between the centers of the merulus was indeed innervated by external tufted cells, but that the anterograde projection was not located uninjection sites and the centers of the projection sites, we again observed a linear relationship with a slope der the corresponding homolog on the lateral surface. This indicates that the extra glomeruli are somehow close to unity ( Figure 6F) . different from the ones which are specifically linked. However, the role of these extra glomeruli, if any, reConnections between Multiple Glomeruli In most cases, the GFP-labeled OSNs expressing a sinmains unclear, and we cannot exclude the possibility that these extra glomeruli result from the genetic labelgle odorant receptor projected to a single lateral and a single medial glomerulus. However, it was not unusual ing approach itself. for axons to form another one or two additional glomeruli on the lateral surface, medial surface, or both (MomDiscussion baerts et al., 1996; Royal and Key, 1999). We encountered this situation in a number of rI7→M71 animals (n ϭ Prior to the discovery of olfactory receptors and their representation in mirror-image maps, Schoenfeld et al. 12). In almost all cases, we observed a single glomerulus on the lateral side of the bulb and two on the medial (1985) described in hamster olfactory bulb an intrabulbar associational system, originating from external tufted side of the bulb (only one case had the opposite distribution). The two glomeruli were always at similar rostrocells, which reciprocally connected regions located on the medial and the lateral side of each bulb. Not only caudal locations but separated by a considerable distance along the dorsoventral axis (distance between the were the injections substantially larger than individual glomeruli, but also the receptor identity of neither the two medial glomeruli: 409 Ϯ 125 m, n ϭ 11). A targeted focal injection in the single lateral glomerulus resulted injected region nor the projection region was known. Hence, it was unclear exactly what this system was in a focal projection underneath just one of the two medial rI7→M71 glomeruli ( Figure 7A) (Belluscio et al., 2002) , we now find that this interconnection is reciprocal. This al., 2002). The apical dendrites of mitral cells located in the dorso-caudal portion of the bulb project perpendicureciprocal connection is also not restricted to the unusual nature of the rI7→M71 swap mice, but it is also larly to the glomeruli located immediately above them. Taken together, these data imply that the anterograde evident in the P2-GFP mice, in which the receptor gene is expressed in its natural locus. Furthermore, our results projection is precisely targeted to a region of granule cells beneath the mitral cells that innervate the homoloshowed that the intrabulbar connectivity is not confined to odor columns connected to glomeruli created through gous glomerulus. Thus, the intrabulbar circuitry reciprocally connects isofunctional odor columns between the genetic manipulation or labeling of receptor identity, but is present throughout the bulb. However, when multiple two halves of each bulb. Rather than viewing the mirror-image maps as two glomeruli are present, only one pair is precisely con- . This variability was evident layer, where they form excitatory synapses with the den-in the considerable interanimal variability of the relative face, the one located more dorsally is invariably linked locations of labeled glomeruli in the two maps along the to the lateral glomerulus. Although the more ventral glodorso-ventral axis. Despite this variability, homologous merulus also forms a projection, it is to a different locus. glomeruli were always specifically linked.
One attractive interpretation of this finding is that the There are at least two plausible scenarios for how mirror-symmetric maps contain a corresponding set of such specific connectivity could be achieved: activityguidance cues (in addition to the olfactory receptors dependent competition and molecular axon guidance themselves) distributed through the thickness of the olcues. Coarsely arranged projections in the juvenile brain factory bulb, such as the Ephrin/Eph receptor gradients could be gradually modified by activity-dependent comin the visual and somatosensory systems ( in the rat olfctory bulb comprises cholecystokinin-containing tufted cells that synapse onto the dentrites of gabaergic granule cells. J.
